IN PREVIOUS REPORTS wel-3 and others4-9 have described the hemodynamic consequences of varying the rate of artificial pacing of the right ventricle in patients with complete heart block. Since the wires of a permanent pacemaker for treatment of complete heart block are implanted in the left ventricle and previous data were obtained from right ventricular pacing, it becomes important to determine whether the site of implantation of pacemakers is a critical determinant of cardiac output in man.
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Experimental studies in dogs by Fletcher and associates10 with electrodes implanted in the apex, the high lateral wall, and the posterior septal region of the left ventricle have shown no significant differences in cardiac output and mean arterial pressure. Lister and co-workers," however, have demonstrated in dogs that the pacemaking site significantly influences cardiac output. Since this information has been available only in dogs, we have undertaken to study in man (1) the influence of pacemaking sites on the hemodynamics of normal subjects, in patients with compensated heart disease, and in patients with heart failure, and (2) the contribution of atrial systole to the cardiovascular dynamics of the normal and the abnormal heart. Methods A group of 26 persons was studied. Twentyfour had normal sinus rhythm, one had con-genital complete heart block, and one had atrial fibrillation. Included in the group were 11 normal subjects, seven patients with documented coronary artery disease (postmyocardial infarction with or without angina pectoris), two with idiopathic myocardial hypertrophy, and one each with essential hypertension, mild mitral stenosis, mild mitral insufficiency, congenital complete heart block, idiopathic bradycardia, and postoperative constrictive pericarditis. Ages ranged from 15 to 74 years with a mean of 47 years. There were 14 males and 12 females.
The studies were performed under local anesthesia with mepivacaine hydrochloride (Carbocaine 1%i) and with meperidine (Demerol), 50 mg., as premedication. A no. per minute, there was an initial fall in cardiac index, stroke index, mean arterial pressure, ventricular power, tension-time index, ejection time, stroke power, and stroke work for both atrial and ventricular stimulation. With an increase in rate of pacing there was a mild stepwise increase in cardiac index, tension-time index, dp/dt of arterial pressure with a stepwise fall in stroke index, peripheral resistance, ejection time, stroke power, stroke work, and systolic ejection rate (figs. 1 and 2). At a pacemaker rate of 120 per minute the mean difference between right atrial and right ventricular pacing for the cardiac index, stroke index, mean arterial pressure, ventricular power, and ejection time was 0.14 + 0.53 L/min/m,2 3±+ 5 ml/beat/m,2 2 + 12 mm HEART RATE -beat/min.
Figure 2
Mean tension-time index (T.T.I.), dpldt of femoral artery pressure, ejection time (E.T.), stroke power (S.P.), stroke work (S.W.) and systolic ejection rate (S.E.R.) in a group of normal subjects (group 1) during artificial stimulation of the right atrium (RA) and right ventricle (RV) at various heart rates. Pac = pacemaker. C = control.
Hg, 0. Mean tension-time index (T.T.I.), dp Four cases were studied. The mean control cardiac index was below the limits of normal being 2.33 L/min/m2 for right atrial Twelve patients developed varying degrees of nonconduction at the A-V junction at rates of atrial pacing above 120 to 140 per minute. In these patients an increase in rate of pacing resulted in a progressive increase in the P-R interval up to a point at which the refractory period of the A-V junction was reached ret 5000 -Group 3-H*art Failure usRApac. stroke power (S.P.), stroke work (S.W.) and systolic ejection rate (S.E.R.) in patients in heart failure (group 3) during artificial stimulation of the right atrium (RA) and right ventricle (RV) at various rates. Pac = pacemaker. C = control.
Circulation, Volume XXXIII, June 1966 sulting in nonconduction with consequent reduction in ventricular response. Further increase in rate of pacing beyond the refractory period of the A-V junction resulted in a greater degree of nonconduction with further reduction in the ventricular response. An increase in the current of the pacemaker signal had no effect on the characteristics of this response. In three patients intravenous administration of 1 mg of atropine sulfate given at the rates which produced nonconduction at the A-V junction resulted in abolition of the block with return of 1:1 conduction. Under the influence of this drug the rate of atrial pacing could then be increased up to a range of 160 to 180 per minute with 1:1 conduction. The effect of this drug on A-V junction conduction was apparent within 1 minute after its administration. A systematic study of this problem and the effect of various drugs on this type of block is presently being made in our laboratory.
Right Ventricular Pacing Sites
Six persons were studied. Three were normal, two had compensated coronary artery disease, and one had congenital complete heart block. Since no differences were found between patients with heart disease and normal subjects, the results will not be described separately.
During this study the outflow tract of the right ventricle was paced initially, and this was followed by stimulation of the midportion of the right ventricle and lastly by stimulation of the inflow tract of the right ventricle. The rate of stimulation was fixed at 100 per minute. No significant differences were found for the three pacing sites for cardiac index, stroke index, systolic, diastolic, and mean arterial pressures, dp/ dt of arterial pressure, right ventricular pressure, ejection time, tensiontime index, stroke power, mean systolic ejection rate, and stroke work ( fig. 8) Mean cardiac index (C.I.), stroke index (S.I.), mean femoral artery pressure (F.A. mean), dp/dt of femoral artery pressure, peripheral resistance (P. Res.), ventricular power (V.P.), ejection time (E.T.) and tension-time index (T.T.I.) in six patients during stimulation of the outflow tract (out), midportion (mid) and inflow tract (inf.) of the right ventricle at a fixed heart rate of 100 per minute.
mal, two had compensated coronary artery disease, and one had compensated isolated mitral stenosis. The left ventricle was stimulated first in three cases, and the right ventricle was stimulated first in the remaining three. The rate of stimulation ranged from 80 to 180 per minute. The changes observed for cardiac index, stroke index, and other parameters of cardiac function as a function of heart rate were essentially the same as those described for right atrial and right ventricular pacing in patients with compensated heart disease (group 2 of study 1). For any given rate of right ventricular and left ventricular stimulation, there were no significant differences for cardiac index, stroke index, arterial pressures, right and left ventricular pressures, dp/dt, HEART RATE -beats/min.
Figure 10
Mean tension-time index (T.T.I.), dp/dt of femoral artery pressure, ejection time (E.T.), stroke power (S.P.), stroke work (S.W.), and systolic ejection rate (S.E.R.) during artificial stimulation of the right (RV) and left (LV) ventricles at various rates. Pac pacemaker. C control.
peripheral resistance, ventricular power, ejection time, tension-time index, stroke power, systolic ejection rate, and stroke work (figs. 9 and 10). Discussion Experimental studies in dogs by Wiggersl5 demonstrated that pacemaking sites significantly influence cardiac performance. He showed that ectopic beats produced by ventricular stimulation resulted in less effective contraction by the ventricle from which the ectopic beats had originated as compared with those from the opposite ventricle. Subsequent studies by Corday a nd Irving'6 in dogs showed that the site of an ectopic ventricular focus is an important determinant of cardiac output, coronary bloodi flow, and arterial pressure at rates below 1l60 per minute. More recently, Lister and associates"' provided further data substantiating the fact that the site of artificial ventricular stimulation from the epicardium significantly alters cardiac performance in dogs.
Our Most of the earlier studies2628 31' indicated that the contribution of the atria to cardiac output ranged from zero to as much as 30%.
The importance of atrial systole to cardiac function in man has only recently been the object of systematic study.32 3 In previous observations33 on patients with complete heart block we have shown that a properly timed atrial contraction (P-R interval of 1 to 300 msec) results in an increase in ejection time (13%), isometric contraction time (6%), systemic arterial systolic pressure (15%), dp/dt of arterial pressure (14%), and tension-time index (33%) as compared with figures obtained during a time when atrial systole occurs during ventricular systole. Furthermore, our studies indicated that the contribution of atrial contraction to the increase in these parameters occurs at a wide range of ventricular rate (20 to 125 per minute). However, no measurement of cardiac output was obtained during that study and the question was not answered as to whether or not atrial contraction significantly improves cardiac output in man. Gilmore and associates36 have shown in dogs that the left ventricle produces less stroke work than atrial pacing does for any given left ventricular end-diastolic pressure for ventricular pacing.
The present study indicates that in normal human hearts cardiac output, stroke volume, ventricular power, and ejection time are only slightly higher during atrial pacing than during ventricular pacing for any given rate up to a maximum of 180 per minute. However, in the group with compensated heart disease and in the group with heart failure, the contribution of atrial systole appears to be of greater significance. This difference appears to be slightly higher at faster rates of pacing.
More recently, Samet and associates35 indicated that synchronous atrial and ventricular pacing results in slightly higher cardiac output than asynchronous pacing does. However, this difference is relatively small and variable. Data obtained from patients with atrial fibrillation and after conversion to regular sinus rhythm have shown variable improvement in cardiac function.37-39 Our own data39 did not demonstrate any significant increase in cardiac output at rest or during exercise after conversion to sinus rhythm.
Recently, Braunwald and associates40 emphasized that atrial contraction does not significantly elevate left ventricular end-diastolic pressure in the presence of ventricular dilatation. Burchell41 also stated that atrial contraction does not appear to be an important regulatory mechanism of cardiac output. It does become apparent that under certain circumstances atrial systole may become an important factor to the cardiac function. However, this contribution is highly variable and to a great extent unpredictable. Nevertheless, this contribution to cardiac output is relatively small and in the majority of cases the human heart may function at a wide range of work loads without the contribution of a coordinated atrial contraction.
Summary and Conclusions
Artificial stimulation of the right atrium and the right ventricle at rates between 80 and 180 per minute was performed in eight normal subjects, in seven patients with compensated heart disease, and in four patients with heart failure. For any given rate of atrial or ventricular stimulation there were no significant differences for cardiac index, stroke index, mean arterial pressure, ventricular power, and ejection time in normal subjects. In patients with compensated heart disease there was a slight tendency for higher figures for these parameters during atrial pacing, but these differences were not statistically significant.
Stimulation of the right and left ventricles at equivalent rates in the range of 80 to 180 per minute did not show any statistically significant changes for cardiac index, stroke index, mean arterial pressure, stroke work and power, ventricular power, ejection time, tension-time index, and peripheral resistance.
Stimulation of the outflow tract, the midportion and the inflow tract of the right ventricle at a fixed rate of 100 per minute did not show any significant changes in cardiac index, stroke index, mean arterial pressure, and other related parameters.
It is concluded that pacing sites do not significantly influence cardiac dynamics in unanesthetized man. Furthermore, the contribution of atrial systole to the cardiac function is minimal in normal subjects but slightly greater in patients with heart disease.
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